Performance of a water reclamation plant using ultrafiltration (UF) and reverse osmosis (RO) treating 280,000 m 3 /d of wastewater was evaluated over 1 year. Statistical analyses were performed on flow rate, temperature, pH, total suspended solids (TSS), total dissolved solids (TDS), biochemical oxygen demand (BOD 5 ) and total coliforms. Variations in flow rates coincided with those in temperature, both being seasonal, but plant performance was not highly influenced by such variations. The RO system recovered 85% of water flow. Data on process variables conform to a normal probability distribution and reveal the high process efficiency and reliability of UF and RO systems. Plant efficiencies were >99% for TSS, TDS, BOD 5 and total coliforms. Efficiencies were the highest for TSS and total coliforms in the UF system, while they were the highest for TDS and BOD 5 in the RO system.
INTRODUCTION
Water reclamation is expected to increase in future years, mainly due to a steady increase of the world's population and water use contrasted with a decrease in the availability of freshwater supply and in the affordability of meeting such an increase (Angelakis et al. ; Asano et al. ) . This will require a coordinated effort involving water management and purification, water conservation and water reuse (Goosen & Shayya ) . Reclamation of treated wastewater from municipalities and industries has been considered a supplementary source of water supply in many parts of the world, particularly in some areas where water resources are scarce and population and economic growth is rapid (Hamoda ) . RO is a membrane-based process that employs semipermeable membranes under high pressure differentials to separate and remove dissolved solids, organics, submicron colloidal matter, color, nitrate, phosphorus and bacteria from wastewater (Asano et al. ) . The RO process has been used extensively in reclamation of wastewater and in desalination of brackish/sea water. UF membrane processes use a wide range of pore size and an operating pressure range of 3-10 bar (Cheryan ) . The separation mechanism in UF is selective sieving through the membrane pores. Dissolved salts and small organic molecules pass through the semi-permeable membrane in the liquid phase while larger molecules and solids are rejected and concentrated in the retentate (Tansel et al. ) . UF is often used as a pre-treatment process for RO to reduce the adverse effects on downstream RO. In a previous study, Glueckstern et al. () used two-stage media filtration and UF as pre-treatment for RO to treat contaminated brackish fish-pond effluents and showed that UF was more effective than multi-media filtration in improving water quality. In another study, a significant reduction in total solids concentration and chemical oxygen demand showed that a simple combination of physical-chemical treatment and UF was not sufficient to remove the soluble COD from wastewater, leaving a concentration more than 2,000 mg/L in the permeates from all tested UF membranes.
Conversely, more than 98% rejection of both salts and COD were achieved when RO treatment was included. Their study clearly demonstrates the capability of RO systems, especially when the effluent contains high organic matter content. In another study (Tomaszewska et al. ) , oily wastewater and bilge water were treated using a combination of UF and RO systems operating via two-stage treatment, with UF being used in the first stage and RO in the second stage. It was found that permeate from the first stage had oil content below 10 ppm, was free of suspended solids and almost all turbidities were removed. In the second stage, total organic carbon (TOC) removal was more than 70% while 90% of all cations examined (Na þ , 
MATERIALS AND METHODS

Plant description
The Sulaibiya wastewater treatment plant (WWTP) is located at Sulaibiya near Kuwait City. It was commissioned in the year 2005, with a design capacity of 375,000 m 3 /day which was increased to 425,000 m 3 /day, as the world's largest membrane-based water reclamation facility utilizing UF and RO systems. The reclaimed water from this facility is used for several non-potable uses. The water reclamation facility ( Figure 1 ) receives secondary-treated municipal wastewater, which is pre-filtered with disk filters and then fed to the UF system. The UF permeate feeds the RO plant, and UF retentate is recycled to the WWTP. The system receives almost 100% of the effluent from the biological treatment plant since UF retentate is recycled. RO is placed just after UF and therefore, the inlet feed of RO is also 375,000 m 3 /day. The RO system is constructed for 85% water recovery and thus, the production rate is 
UF system
Since RO systems require pre-treatment as to protect RO membranes from fouling, UF was selected to provide appropriate pre-treatment of the secondary-treated municipal effluent before being fed to the RO. The UF technology is robust, has favorable life cycle costs and provides better quality water to the RO membranes. The characteristics of the UF system used in this plant are presented in Table 1 .
Each UF unit can be operated individually. These units are regularly backwashed to ensure removal of suspended matter retained on the membranes. The backwash water is pumped back upstream of the WWTP to receive appropriate treatment and accomplish the maximum total water recovery for the plant. The influent to the UF first passes through a disk filter and subsequently, a small amount of coagulant (ferric chloride at 1-2 mg/L) is added to coagulate fine particulates and possibly allow some TOC removal to facilitate the operation of the plant. The silt density index of the UF product is consistently below 2, which is the key standard for the RO plant performance (Gagne ).
RO system
The characteristics of the RO system adopted in the Sulaibiya plant are shown in Table 1 . This system is used to desalinate the wastewater effluent to 100 mg/L TDS and to provide an additional barrier to bacteria and viruses.
The salinity of the secondary-treated effluent has an aver- Although the study is based on real data collected daily, the database suffers from some missing values over some weekends which can be compensated for by taking averages. In the studied WWTP, it is common to make daily analytical 
RESULTS AND DISCUSSION
In the following section, plant performance will be analysed through: (1) percentage reduction efficiency and a comparison of the effluent concentrations with the water quality standards for reuse; and (2) cumulative frequency distributions of the influent and effluent concentrations. The statistical analysis was performed on the variables pH, TDS, TSS, BOD and total coliforms. Each of these five variables was monitored in both the influent and the effluent to the UF and the RO systems. Both the daily records and the monthly averages were used in the analysis.
Operating parameters
The performance of a treatment system is usually influenced by two important 'input' variables, namely the influent flow rate and temperature. The effluent variables considered in this study are pH, TSS, TDS, BOD and total coliforms.
These five parameters were presented in 15 groups of data values, namely five groups for UF influent, five groups for UF effluent/RO influent and five groups for RO effluent. Meanwhile, it has been observed that the effluent flow rate from the RO unit varied with temperature which is due principally to the change in viscosity of the water with change in temperature.
The pressure applied to the UF system is 3 bar whereas the pressure exerted on the RO system is in the range of 7-11 bar, 11-14 bar and 14-16 bar for the first stage, the second stage and the third stage of RO module's trains, respectively. The energy consumption across the RO unit in terms of water produced ranged from 1.4 to 1.7 kWh/m 3 .
The RO membranes employed in this plant are low-pressure type membranes with the highest pressure applied being 16 bar (about 230 lb/inch 2 ). It is noteworthy to mention that membranes used have been operated for almost 6 years with a replacement rate of only 10%. Biofouling of membranes was properly controlled as chloramine was dosed to the RO feed water to control the rate of biofouling.
System performance
The operation of the water reclamation plant (Figure 1 ) indicates that the influent to the UF system is the biologically treated wastewater after chlorination and micro-straining while the effluent of the UF system enters as influent to the RO system that produces the reclaimed water. Figure 4 displays three sets of data (UF system's influent, UF effluent/ RO influent and RO effluent) for each performance parameter. The performance data for each parameter were monitored over a period of 1 year. Monthly average data were calculated for each parameter and plotted in Figure 4 along with their standard deviation values calculated in each case.
The pH of influent to the UF system (Figure 4(a) ) did not vary much over the 1-year period, being in the range of 6.9-7.1. It is important to stress that the UF effluent passes through a buffering well (Figure 1 ) so as to adjust the pH value to meet the RO system requirements. Therefore, the pH values as recorded directly prior to entering the RO system (6.6-6.8) were slightly lower than that of UF effluent.
Meanwhile, the pH values of RO effluent increased again (7.1-7.3) as it passed through a stripper for removal of CO 2 to adjust pH with a minimum amount of caustic before the distribution system. Ultimately, the effluent from RO system is chlorinated to be ready for water reuse.
The monthly average TSS values of UF influent were variable and ranged from 5 to 14 mg/L. The UF effluent TSS concentration levels decreased to a stable value of <1 mg/L and remained at this level in the RO system effluent (Figure 4(b) ). This demonstrated that UF system is unique and efficient in removing TSS, thus preventing it from entering RO system and fouling the RO membranes (Peng et al. ) . In contrast, the monthly average TDS values were more stable in the UF influent at 400-500 mg/L and remained almost unchanged in the UF effluent. Subsequently, the TDS values were greatly reduced to <10 mg/L and remained consistently at this level over the 1-year period (Figure 4(c) ). For BOD 5 , the monthly average varied between 2 and 7 mg/L and decreased consistently to 1 mg/L in the UF system and further to <1 mg/L in the RO system effluent (Figure 4(d) ).
The plots displayed in Figure 4 highlight the process effi- colony-forming units (cfu)/100 mL and decreased to a range of 0.05 × 10 6 and 0.47 × 10 6 cfu/100 mL in the UF system effluent. It was further decreased substantially to a constant value of <1 cfu/100 mL (i.e. not detectable) in the RO system effluent. It is to be noted that reduction in total coliforms was expressed in percentages rather than in log units based on the data obtained from the plant. For instance, a bacterial removal of 3.0 log units (say from 10 5 to 10 2 ) designates a 99.9% removal.
For the UF system, the concentration-based removal efficiencies of TSS, TDS, BOD and total coliforms are 85 ± 7%, 10 ± 5%, 72 ± 13% and 85 ± 10%, respectively. Conversely, for the RO system, the corresponding removal efficiencies for each parameter are >95%. Other parameters such as TOC, although more accurate to monitor removal of organics at low concentrations, require more costly equipment such as the carbon analyser which is not available in most treatment plant laboratories to be used on routine basis. Moreover, water quality standards often use parameters such as BOD, COD and TSS to determine suitability of treated wastewater effluents for reuse.
Frequency analysis
Cumulative frequency distributions of the influent and effluent concentrations for the parameters pH, TSS, TDS and BOD are shown in Figure 6 . The 50% cumulative frequency is Frequency distribution plots obtained for all parameters studied ( Figure 6 ) clearly highlight the performance reliability of the UF and RO systems. These plots, in addition to those displayed in Figure 4 for time variability of concentrations of the same parameters serve to verify the degree of conformity to the normal probability distribution and visualize the high process efficiency and performance reliability of the UF and RO systems used for water reclamation.
CONCLUSIONS
Based on the results obtained from statistical analyses of operating data it is possible to conclude that the performance of the water reclamation plant over a period of 1 year was not significantly influenced by variations in the wastewater flow rate and/or temperature. The data on process variables conform to a normal probability distribution. The study demonstrates that the overall removal efficiencies for the water reclamation plant combining UF and RO systems are 
